Baryon number violation and a new electroweak interaction 
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We introduce a new supercurrent in the electroweak sector of the standard model. Its interaction 
with the hypergauge field influences the mass of the Z boson but has no effect on the W^-boson 
masses. In the leptonic sector it affects the numerical value of the vector and axial coupling constants 
between neutral currents and the Z boson, and a comparison with experimental values yields an 
upper bound to the strength of the coupling between the supercurrent and the hypergauge field. In 
the baryonic sector the supercurrent gives a new contribution to the anomaly equation for baryon 
number current. As a consequence it may have an effect on baryogenesis. 
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In the conventional superconductor the supercurrent J 
is the gauge-invariant vector field 



J = eip*(i— V A)i/j 

2m mc 



e|VfC, (1) 



where A is the Maxwellian U(l) gauge field and i/j is the 
wave function of Cooper pairs. When we use this rela- 
tion to eliminate A in favor of J in the Landau-Ginzburg 
Hamiltonian that describes the conventional supercon- 
ductivity 



H = \§ 



+ \(V - 2ieA)^\ 2 + X(\i;\ 2 - v 2 ) 2 



where B is the magnetic field, we obtain a Hamiltonian 
that involves only the vector field C, the Cooper pair 
density p = and the phase of the Cooper pair 8 = 
arg ijj as independent and manifestly gauge- invariant field 
variables, 



H 



with 



and 



\ (Oij + Jr«) 2 + ( V» 2 + P 2 C 2 + X( P 2 v 2 ) 2 



(2) 



Tij — tijkVk — [Vi, Vj]0 
Z7T 



(3) 



is the string current with support that coincides with the 
world sheet of the core of the Abrikosov vortex. When $Z$i 
describes such a vortex, ([3]) subtracts a similar singular 
contribution that appears in Cy . In the third term this 
singularity becomes suppressed since the density p van- 
ishes at the core of the vortex. Furthermore, whenever 
the ground state value of p is nonvanishing, the vector 



field C is massive and becomes subject to the Meifiner 
effect. 

In the present paper we are interested in the physi- 
cal consequences when a non-Abelian generalization of 
(U), (J2|) is implemented in the Weinberg-Salam model 
of electroweak interactions. Indeed, the structure of the 
Weinberg-Salam Lagrangian closely resembles that of the 
conventional superconductor: Now the gauge field and 
the Higgs field both transform under the non-Abelian 
gauge group G EW = SU L {2) x U Y (1), and the Higgs 
field supports three independent angular (phase) vari- 
ables that can be combined with three of the gauge fields 
into the neutral Z boson and the charged bosons. 
In the low temperature phase these vector fields become 
massive, in parallel with the Meifiner effect of supercon- 
ductivity. 

In the sequel our motivation lies in the following: In 
the case of an ordinary superconductor, the supercurrent 
can be used to entirely remove the gauge field. But in 
the case of the electroweak theory there are four inde- 
pendent gauge fields. As a consequence there may be 
as many as four independent supercurrents Q. We shall 
be mainly interested in the properties of a scrupulously 
chosen supercurrent that appears to lead to a new elec- 
troweak interactions with topological ramifications. In 
particular, we propose that our supercurrent affects the 
anomaly equation for the baryon number current in a 
manner that enhances baryon production. This effect 
is catalyzed by the presence of the (embedded) topolog- 
ical defects, the Nambu monopoles, in the electroweak 
model Q. 

Presently, there are many approaches for explaining 
baryon asymmetry of the Universe [H, According to 
the hot baryogenesis scenario [fi[ , the cooling of the early 
Universe produced baryons by sphaleron driven thermal 
activation Q- But the Standard Model predicts that in- 
stead of a finite temperature phase transition, the cooling 
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of the early Universe proceeded through a crossover tran- 
sition that retained a thermodynamic equilibrium and 
thus the hot baryogenesis contrasts the third Sakharov 
conditio n p . The alternative, cold baryogenesis sce- 
nario [§, Hol| allows for fluctuations that may have caused 
the early Universe to abandon a state of thermal equi- 
librium. This may have occurred during the inflationary 
epoch of the early Universe, at a TeV scale and in com- 
bination with the tachyonic transition Indeed, if 
the inflaton couples to the Higgs field in a manner that 
forces the effective Higgs mass to change its sign, a sud- 
den and rapid production of a large amount of particles 
could take place. Tachyonic preheating [l2| may thus 
lead to a net baryon number production due to a change 
in the Chern-Simons (CS) contribution to the anomaly 
equation for the baryon number current. 

In both of these scenarios a central role is played 
by various embedded defects or their bound states. 
For example the electroweak sphaleron that drives hot 
baryogenesis can be interpreted as a pair of a Nambu 
monopole Q and antimonopole, bound to each other 
by a Z- vortex It is also presumed that both 

Nambu monopoles and electroweak vortices were copi- 
ous during the hot phase 1141. Additional defects such 
as textures @, half-knots |lOj|. knotted hypermagnetic 



16(, center vor- 



fields [la], linked and twisted vortices 
tices |17j | etc. may also have relevance. 

We start by recalling how the electroweak gauge group 
Gew acts on the non-Abelian gauge field = ■ r, 
the hypergauge field and the Higgs field $, 



G 



EW 



H 1 g P 

expjiwy} 57 <f> 



(4) 



Here SI is the SUl(2) gauge matrix, toy parameterizes 
a non-compact Uy(l) hypergauge transformation, and 
g and g' are the two couplings of the Weinberg-Salam 
model with the Weinberg angle given by tanQw = g'/g. 
We now employ these transformation laws to introduce 
an electroweak supercurrent: The hypercharge transfor- 
mation has no effect on the SUl(2) gauge field A^, while 
the Higgs field has a nontrivial hypercharge. Thus we 
can use these fields to construct a supercurrent in a di- 
rect non-Abelian generalization of (fl]) [HQ . 



We also introduce the unit vector 



$t$ 



(5) 



(6) 



that determines the direction of the isospin polarization 
in the SUl(2) gauge group. 

It is important to notice that the non-Abelian super- 
current in ([5]) is SUl{2) gauge-invariant but under 
Uy(l) it transforms like the hypergauge field Y^ so that 



Mi) 



(7) 



Thus we can modify the Lagrangian of the standard 
electroweak model by executing the following shift of Y^ 



Y„ 



(i - «)y M + /0>„ 



(8) 



in the Lagrangian. In Eq. 1(5)) K is an ab initio free pa- 
rameter. This leads to a modification of the Lagrangian 
by a gauge-invariant operator. Indeed, since the gauge 
transformation properties of the original and shifted Y^ 
are identical, the shift (jSJl preserves all local gauge sym- 
metries of the original electroweak Lagrangian. 

Furthermore, this shift §8§ can be introduced indepen- 
dently in the Higgs sector and in the fermionic sector of 
the Lagrangian (k$ ^ Kf), and the parameter k may also 
be different for different fermionic flavors (k/ ^ 

We shall now consider the consequences of ((SJ in the 
ensuing low energy effective Weinberg-Salam model. In 
particular, we shall argue that in the fermionic sector 
of the electroweak Lagrangian, the shift ([5]) may have a 
profound effect on the anomaly equation that governs the 
baryon number nonconservation in early universe baryo- 
genesis. But we first inspect whether ([8]) leads to other 
observable effects, and, in particular, whether we can ob- 
tain an estimate for the numerical value of the parameter 

K. 

The kinetic term of the hypergauge field is a gauge- 
invariant quantity and thus it may be independently 
added to the Lagrangian. But here we restrict our atten- 
tion solely to the effects of the shift ijHJ) to the interactions 
between the Higgs, vector boson, and fermion fields. 

We first observe that if we introduce the shift §8§ (with 
parameter k$) in the Higgs kinetic term, this leads to a 
correction of the Z-boson mass, 



gv{l - 
2 cos 9w 



-1 2 



(9) 



and has no effect to the MK ± -boson mass. 

We proceed to the fermionic sector of the electroweak 
Lagrangian. There are Nf flavors of the left-handed and 
right-handed fermions, and in the following we shall not 
always differ between leptons and quarks. If we imple- 
ment the shift Q (with Kf = k), besides rescaling the 
familiar hypergauge interaction by a factor (I — n) it leads 
to a new interaction between the Higgs field, the SUl(2) 
gauge vectors and the fermions which is of the form 



(10) 



Here I — L,R, and the lepton hypercharges are = — 1 
and Y/? = —2. The essential feature of (fTTjf is that it 
leaves the interactions between the charged weak currents 
and the W ± bosons unchanged. But the neutral sector 
of the electroweak Lagrangian 

= -gJ%Wl-{g'/2)J$Y, (II) 
becomes modified by the shifts in the neutral currents 
J 3 — * ~\~ k J Y /2 and J Y -> (1 - k) J Y . (12) 
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When we specify / 



then 



J 3 - 

and we find that the coupling between the electric cur- 
rent and the electromagnetic gauge field still leads to 
the standard definition of the Weinberg angle 6w, with 
electric charge given by e = g sin 9w- Defining the field 
combinations in the usual manner, 



cos 6w sin 9w 
— sin 9w cos 6w 



(13) 



we then get a familiar form for the Lagrangian that de- 
scribes the neutral current sector, 



A0)_. flA _ 



fJ 



2 cos( 



'ir 



f=e,u 



But now the vector gy and axial gA couplings of the 
neutral currents to the Z-boson field have been modified, 



9v 



l/! - (l- K )T 3 (/) -2Q^(sin 2 ^- K/ ), 



.9,1 



U) 



(1-«)T { 



(/) 



(14) 



Here T§ is the weak isospin (T 3 



-1/2 for / 



-1/2 for / = v and 
e,/i,r), and is the electric 



charge (Q^ — and — —1). When we use the un- 
certainties in constraints on the gv.A couplings published 
by the Particle Data Group [19| we get an estimate for 
the experimentally allowed value of k, 

|k (/) | <3x 1(T 4 , Ik"'] <10 _1 , |k"" | < 2 x 1CT 2 .(15) 

In the leptonic sector the shift ([8|) has no effect on the 
electromagnetic interaction involving the massless gauge 
field A^. There are also no changes in the charged weak 
interactions that involve the charged currents W„. In 
particular, there is no effect on the fermion masses: The 
only effect of the shift © appears in the neutral weak 
sector involving the exchange of the Z boson. 

However, when we proceed to the baryonic sector we 
find that the shift ([5]) does have an impact on the pro- 
cesses that violate B + L conservation. Thus it may well 
have an influence on baryogenesis. For this we recall 
the standard nonconservation (anomaly) equation for the 
baryon number current which in terms of our shifted field 
becomes 



(16) 



Here 



and we have introduced the gauge-invariant 't Hooft ten- 
sor [H, 

Qnv{A,n) = ft- G^v - ■ B^ft x D u ft, (18) 



where ft is defined in ([6]), 



G 



fw — d^Av duA^ + gAfj, x A v 



and Df = S^d^ 



■ge acb A°. The tensor E;j°, denotes a 



(Dirac-like) string contribution that describes the two di- 
mensional worldsheet of a closed Z-vortex [Il|,[22j] . In the 
unitary gauge where ft becomes aligned with the (posi- 
tive) z axis in the isospin space, the 't Hooft tensor is 



(19) 



where S' c denotes the conventional Dirac string of the 
Nambu monopole. As a consequence the total world sur- 
face determined by the string structures of the Nambu 
monopoles is Sc = So + S' c . In this gauge we can write 



F^ — 8 B -BE 

r U.V ~ VnDv U U U 



4tt k 



'' gl W ' 



Bu 



cos 9w A^ 



sin 9w 



sin 9w 



(20) 
(21) 



Here £> M is an Abelian gauge field without Dirac singu- 
larities. Then we introduce the conserved (<9 M fc^ = 0) 
current of the Nambu monopole, 



M gl ^ 



pa- 



When we integrate both sides of (fT())) over the four- 
dimensional volume between two distant, time separated 
three-dimensional spatial surfaces, we obtain an equation 
for the net production of baryon number, 

AQ B = N f (an cs - 7K An cs + £<t> c + y^s c ) (22) 

The first two terms are the conventional results [modulo 
the 7 re = (1 — k) 2 factor], reflecting the change in the 
non- Abelian Chern-Simons number Nqs and the Abelian 
Chern-Simons number ncs- These terms also contain 
contributions from linked and twisted Z- vortices (l6| . 

The third and fourth terms in Eq. (|22[) are new and 
entirely due to our supercurrent shift. The third term 
has its origin in the presence of Nambu monopoles. Using 
the definition of the monopole current and assuming that 
C is a large enough trajectory so that the contribution 
from the massive Z-boson field can be ignored we get 



F , 



<t> c = — i— / d*xk£B" 
cos9 w 1 



dx^ 



(23) 



(17) 



Thus C coincides with the standard electromagnetic flux 
that emanates from the string structure of the Nambu 
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monopoles. The third contribution to the baryon num- 
ber production (122[) can formally be interpreted as the 
Witten effect [2J|, as it makes the Nambu monopoles to 
serve as dyons with electric charge q e oc en. 

The fourth term in (|22[) counts the number of (self-) 
intersections of the string worldsheets [HI : 

N I [S C ] = \ J d 4 z£Sc£Sc. 

This quantity receives contributions both from transver- 
sal intersection points and from the twisting points, and 
it can be entirely presented in terms of the evolution of 
the writhing number of the surface [HI ■ Note that while 
the ensuing contribution to the change in the baryon 
number depends on k, it is entirely independent of the 
couplings g and g' of the electroweak Lagrangian. 

We conclude with a few remarks: A shift of the form 
dH) introduces a modification of the electroweak theory by 
a gauge-invariant operator that appears to be fully con- 
sistent with the local symmetries of the Weinberg-Salam 
Lagrangian. The energy scale of the new transition may 
be different from the electroweak scale in which case the 
Z boson might either remain massive above the elec- 



troweak transition, or acquire the additional mass cor- 
rection © at some lower energy scale. 

Note that in the leptonic sector the sole effect of the 
shift appears to be in a correction to the value of the 
vector and axial couplings of neutral currents - this is a 
tree-level effect. 

Finally, in the baryonic sector of the electroweak the- 
ory the shift {5J appears to affect the anomaly in the 
baryon current conservation. In particular, if the early 
Universe went through a period with copious produc- 
tion and subsequent annihilation of Nambu monopoles, 
the shift could have played a central role in baryogene- 
sis. Being of a non-perturbative nature, this aspect de- 
serves to be studied in greater detail numerically within 
an adopted model of electroweak history of the Universe. 
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